EdnrB Governs Regenerative Response of Melanocyte Stem Cells by Crosstalk with Wnt Signaling  by Takeo, Makoto et al.
ArticleEdnrB Governs Regenerative Response of
Melanocyte Stem Cells by Crosstalk with Wnt
SignalingGraphical AbstractHighlightsd EdnrB signaling promotes proliferation and differentiation of
melanocyte stem cells
d Wnt synergizes with EdnrB signaling to promote melanocyte
regeneration
d Epithelial Edn1 rescues Mc1R loss in McSCs to regenerate
epidermal melanocytesTakeo et al., 2016, Cell Reports 15, 1291–1302
May 10, 2016 ª 2016 The Authors
http://dx.doi.org/10.1016/j.celrep.2016.04.006Authors
Makoto Takeo, Wendy Lee,
Piul Rabbani, ..., Chae Ho Lim,
Prashiela Manga, Mayumi Ito
Correspondence
mayumi.ito@nyumc.org
In Brief
Takeo et al. show that Edn/EdnrB
promotes regeneration of hair follicle and
epidermal melanocytes. This process is
mediated through its synergistic
interaction with Wnt signaling pathway.
Edn1 overexpression in epithelial cells
can rescue the defect of epidermal
melanocyte regeneration caused by
Mc1R loss.
Cell Reports
ArticleEdnrB Governs Regenerative Response
of Melanocyte Stem Cells
by Crosstalk with Wnt Signaling
Makoto Takeo,1,2 Wendy Lee,1,2 Piul Rabbani,1 Qi Sun,1 Hai Hu,1 Chae Ho Lim,1 Prashiela Manga,1 and Mayumi Ito1,*
1The Ronald O. Perelman Department of Dermatology and the Department of Cell Biology, School of Medicine, New York University,
New York, NY 10016, USA
2Co-first author
*Correspondence: mayumi.ito@nyumc.org
http://dx.doi.org/10.1016/j.celrep.2016.04.006SUMMARY
Delineating the crosstalk between distinct signaling
pathways is key to understanding the diverse and dy-
namic responses of adult stem cells during tissue
regeneration. Here, we demonstrate that the Edn/
EdnrB signaling pathway can interact with other
signaling pathways to elicit distinct stem cell func-
tions during tissue regeneration. EdnrB signaling
promotes proliferation and differentiation of melano-
cyte stem cells (McSCs), dramatically enhancing the
regeneration of hair and epidermalmelanocytes. This
effect is dependent upon active Wnt signaling that is
initiated by Wnt ligand secretion from the hair follicle
epithelial niche. Further, this Wnt-dependent EdnrB
signaling can rescue the defects in melanocyte
regeneration caused by Mc1R loss. This suggests
that targeting Edn/EdnrB signaling in McSCs can
be a therapeutic approach to promote photoprotec-
tive-melanocyte regeneration, which may be useful
for those with increased risk of skin cancers due to
Mc1R variants.
INTRODUCTION
Stem cells self-renew and simultaneously generate differenti-
ated progeny for normal tissue homeostasis and regeneration
in response to injury or diseases. The cycling nature of the
hair follicle and the defined stem cell population that occupies
this organ has provided a means to investigate mechanisms
that regulate adult stem cells. Pigmented hair regeneration re-
quires epithelial stem cells (EpSCs) and melanocyte stem cells
(McSCs) in the hair follicle (Cotsarelis et al., 1990; Myung
et al., 2013; Nishimura et al., 2002), which undergo hair cycle
phases of growth (anagen), regression (catagen), and rest (telo-
gen; Dry, 1926; M€uller-Ro¨ver et al., 2001). McSCs reside in the
lower permanent portion of the hair follicle throughout the hair
cycle. During the telogen phase, bulge/secondary hair germ
(sHG) area represents the lower permanent portion of the follicle
in which McSCs are maintained in a quiescent state. McSCsCe
This is an open access article under the CC BY-Nbecome activated at anagen onset to proliferate and give rise
to differentiated progeny. As anagen ensues, differentiated
progeny migrate downward to the bulb compartment, where
they produce pigment for the hair. This segregation allows
ones to histochemically identify McSCs with universal marker
of melanocytes such as Dct (Dct), based on the anatomically
defined location of the niche in mice. During catagen, differen-
tiated melanocytes in the bulb undergo apoptosis, whereas
McSCs survive. Accordingly, telogen follicles contain only
McSCs that are re-activated in the next hair cycle. The activa-
tion state of McSCs is governed by the niche (Nishimura
et al., 2002), which is composed of EpSCs of the hair follicle
(Rabbani et al., 2011; Tanimura et al., 2011). Thus far, only a
handful of signals that regulate McSCs have been identified,
including extrinsic signals, such as transforming growth factor
beta (TGFB) and Wnts, which are provided by the epithelial
niche (Myung et al., 2013; Nishimura et al., 2010; Rabbani
et al., 2011). Wnt signaling induces activation of EpSCs to drive
epithelial regeneration while coordinately inducing McSCs to
proliferate and differentiate to pigment regenerating hair follicle
(Rabbani et al., 2011).
In addition to providing pigment to the hair follicle, McSCs
can also generate epidermal melanocytes in response to
wounding (Chou et al., 2013; Nishimura, 2011). However, the
signaling pathways that regulate differentiation and establish-
ment of epidermal melanocytes from McSCs are only begin-
ning to emerge, including Wnt and Mc1R signaling (Chou
et al., 2013; Yamada et al., 2013). It is poorly understood
how McSCs are maintained to ensure an adequate supply
of stem cells for homeostasis and regeneration and how they
are primed to respond to injury. Addressing these issues would
allow us to identify therapeutic targets to treat pigmentation
disorders.
Despite the well-known roles for Endothelin Receptor B
(EdnrB) and its ligands, Endothelin (Edn1, 2, and 3), in melano-
cytes during embryogenesis (Giller et al., 1997; Matsushima
et al., 2002; Saldana-Caboverde and Kos, 2010), their function
in adult melanocytes during normal homeostasis and regenera-
tion has not been addressed. During embryogenesis, EdnrB
mutations in mice give rise to pigmentation defects and are
linked to Waardenberg syndrome that accompanies hypopig-
mentation (Attie´ et al., 1995; Baynash et al., 1994; Edery et al.,ll Reports 15, 1291–1302, May 10, 2016 ª 2016 The Authors 1291
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1996). Binding of Edns to EdnrB results in phosphorylation of cy-
clic AMP (cAMP) response element binding protein (CREB) and
microphthalmia-associated transcription factor (MITF), leading
to the transcription of target genes, including MITF, the tran-
scription factor that is pivotal to the expression of numerous
pigment enzymes and differentiation factors (Levy et al.,
2006; Nakajima et al., 2011; Sato-Jin et al., 2008). Recently, it
was shown that Edn1 is secreted from neighboring EpSCs at
anagen onset, whereas Edn2 is upregulated in EpSCs upon
ablation of the transcription factor nuclear factor I/B (NFIB)
(Chang et al., 2013; Rabbani et al., 2011). Additionally, previous
studies have demonstrated the expression of EdnrB in McSCs
(Rabbani et al., 2011; Figure S1). However, the function
of EdnrB signaling in McSCs during hair cycle has not been
fully characterized by gain- and loss-of-function approaches.
Moreover, how it collaborates with other pathways is incom-
pletely understood.
In this study, we analyzed the role of Edn/EdnrB signaling
in adult McSCs, using a combination of loss- and gain-of-
function geneticmousemodels.We found that Edn/EdnrB is crit-
ical in melanocytes for hair pigmentation during homeostasis
and the generation of epidermal melanocytes following wound-
ing. Epithelial Edn1 overexpression is sufficient to establish
epidermal melanocytes under normal homeostatic conditions.
Moreover, it is sufficient to overcome the effects of loss of
Mc1R in vivo, which is required for McSCs to generate epidermal
melanocytes following wounding. These effects were only seen
in the presence of active Wnt signaling. Overall, our findings
reveal a vital role for Edn/EdnrB signaling in regulation of adult
melanocytes in vivo and its action in conjunction with the Wnt
pathway.
RESULTS
EdnrB Is Required for McSC Proliferation and
Maintenance
To address the function of Edn/EdnrB signaling in McSCs, we
deleted EdnrB specifically in the melanocyte lineage including
McSCs in Tyr-CreER; EdnrBfl/fl; R26-stop-Tomato (Ednrb cKO)
mice. These mice express Tomato and delete EdnrB in melano-
cytes upon tamoxifen (TAM)-induced recombination (Bosenberg
et al., 2006; Druckenbrod et al., 2008).
We induced Cre-mediated recombination by treating 3-week-
old EdnrB cKO and control littermate mice with TAM. By the
following telogen, EdnrB cKO mice displayed a noticeable hair-
graying phenotype, which is not observed in control mice (Fig-
ure 1A). In cKO mice, more than 65% of the hair shafts lacked
melanin, leading to hair-graying phenotype that persisted
through the next hair cycle, unlike in control mice (Figures 1B
and 1C). Immunohistochemical analysis revealed that unpig-
mented hair follicles of EdnrB cKO mice contained fewer differ-
entiated melanocytes in the bulb by anagen IV, evidenced by
the decreased number of melanocytes with differentiation
markers including Dct, MITF, and S100 expression (Figures
1D–1L). In these unpigmented hair follicles, McSCs showed
less incorporation of bromodeoxyuridine (BrdU) compared to
pigmented hair follicle of control mice at anagen III, when bulb
melanocytes normally begin producing pigment in control mice1292 Cell Reports 15, 1291–1302, May 10, 2016(Figures 1M, 1O, and 1Q). We also found an increased percent-
age of bulbmelanocytes positive for cleaved caspase3, amarker
for cell apoptosis, in EdnrB cKO mice compared to control mice
at anagen VI (Figures 1N, 1P, and 1R).
To analyze the effect of EdnrB depletion on McSC mainte-
nance, we analyzed the absolute number of McSCs of control
and EdnrB cKO mice. To this end, we crossed EdnrB cKO
mouse with Dct-LacZ reporter mice, in which melanocytes
are tagged by lacZ expression. We treated mice with TAM dur-
ing each anagen phase starting from second anagen and de-
tected McSCs by whole-mount lacZ staining at each telogen
phase. By the second telogen following initial TAM, when the
pigmentation defect becomes apparent (Figure 1C), McSC
number in unpigmented hair follicle of EdnrB cKO is signifi-
cantly reduced compared to control mice (Figures 1S and
1T). By the subsequent telogen phase (third telogen), reduction
of McSCs became even more obvious, the majority of unpig-
mented EdnrB cKO hair follicles completely lacked McSCs,
and their absence persisted at least to fourth telogen (Figures
1S and 1T).
Taken together, these results suggest that EdnrB signaling is
required for proliferation and maintenance of McSCs as well as
survival of differentiated bulb melanocytes; thereby, EdnrB is
critical for hair pigmentation.
Edn1 Promotes Differentiation and Proliferation of
McSCs at Anagen Onset
Next, we investigated whether activation of EdnrB signaling
by overexpressing its ligand Edn1 in epithelial cells can alter me-
lanocyte behavior. We utilized K14-rtTA;TetO-Edn1-lacZ mice
(Edn1 Tg mice), in which we can induce Edn1 and LacZ expres-
sion in K14+ cells upon doxycycline (Dox) treatment (Nguyen
et al., 2006; Yang et al., 2004).
We treated 7-week-old adult Edn1 Tg and their littermate con-
trol mice with Dox starting from second telogen, when McSCs
are quiescent. One week after treatment, when hair follicles
were still in telogen phase, X-gal staining confirmed that LacZ
was expressed in the epithelium, showing the activation of
tet-O promoter that drives Edn1 expression (Figure 2A). During
this phase, McSCs in Edn1 Tg mice were maintained in a
quiescent and undifferentiated state. This was evident by
the absence of proliferation, pigmentation, and differentiation
markers including tyrosinase and b-catenin in McSCs of these
mice (Figures 2B and S2). In contrast, when we experimentally
induced these mice to enter anagen by depilation, Edn1 expres-
sion induced ectopic pigmentation in the bulge/sHG area of
hair follicles at anagen onset, whereas control mice lacked
pigmentation in this area (Figure 2C). This ectopic pigmentation
persisted in the niche through later stages of anagen in Edn1 Tg
mice (inset in Figure 2J). We also examined the expression of the
melanocyte differentiation marker, Tyr, which is transiently seen
in melanocytes in the niche only at anagen onset when McSCs
give rise to differentiated progeny (Figures 2D–2H and 2N). We
found that Tg mice continued to have Tyr-positive melanocytes
in the niche by anagen IV (Figures 2I–2N), whereas control
mice diminish Tyr immunoreactivity following the departure of
differentiated melanocytes toward the hair bulb compartment
(Figures 2D–2H and 2N). Additionally, immunostaining analysis
Figure 1. Loss of EdnrB Leads to Loss of Pigment, Reduced
Proliferation, and Failure to Maintain McSCs
(A) Gross appearance of control (left) and EdnrB cKO (right) mice at
second telogen.
(B) Bright-field whole-mount picture of hair shaft from control (left)
and EdnrB cKO (right) mice.
(C) Quantification of percentage of gray hair at each telogen.
(D–F and H–J) Immunohistochemical analysis of bulb melanocytes in
skin sections at anagen IV with Tomato and indicated melanocyte
differentiation markers from Tyr-CreER;Rosa-stop-Tomato (control;
D–F) and EdnrB cKO;Rosa-stop-Tomato mice (H–J).
(G and K) Bright-field image of bulb from control (G) and EdnrB cKO
mouse (K).
(L) Quantification of the percentage of Tomato-positive cells that are
also positive for Dct, MITF, and S100, respectively.
(M and O) Immunohistochemistry for BrdU on control (M) and EdnrB
cKO mice (O).
(N and P) Anagen VI skin sections stained with Dct and cleaved
caspase 3 (left panel) in hair follicle bulb in control (N) and EdnrB cKO
mice (P). Single caspase 3 staining is shown in right panel.
(Q and R) Quantification of the percentage of BrdU+/Tomato+ cells
(Q) and cleaved caspase 3+/Dct+ cells (R).
(S) Whole-mount image of X-gal-stained single hair follicles from
Dct-LacZ (control; top) and unpigmented (middle) and pigmented hair
follicles (bottom) from EdnrB cKO; Dct-LacZ mice.
(T) Distribution and average (blue line) of absolute number of
Dct-LacZ+ melanocytes per hair follicle.
Dashed lines indicate border between hair follicle and dermis.
Arrowheads indicate double positive cells for indicatedmarkers. Data
are presented as the mean ± SD. *p < 0.001; **p < 0.01; ***p < 0.02;
****p < 0.05. The scale bar represents 50 mm in (D)–(F) and (H)–(J) and
20 mm in (M), (N), and (S). See also Figure S1.
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Figure 2. Overexpression of Edn1Promotes
McSCsDifferentiation andProliferation dur-
ing Anagen
(A) Whole-mount X-gal staining from K14-rtTA;
TetO-Edn1-LacZmice 1 week after Dox treatment
during telogen. Right panel is higher magnification
of picture shown in left panel.
(B and C) Whole-mount image of telogen (B) or
anagen (C) hair follicle from control (left) and
K14-rtTA; TetO-Edn1-LacZ (right) mice that were
induced with Dox during telogen (B) or anagen (C).
(D–M and O–X) Immunostaining of skin sections
from control (D–H and O–S) and K14-rtTA; TetO-
Edn1-LacZ (I–M and T–X) mice for Tyr and Dct
(D–M) and Ki67 and Dct (O–X) in the McSC niche
and bulb compartment of the hair follicle at indi-
cated hair cycle stages.
(N and Y) Quantification of the percentage of
Tyr-positive cells (N) and Ki67-positive cells (Y) in
Dct-positive cells.
Dashed lines indicate border between hair follicle
and dermis. Arrowheads indicate pigmentation in
(C) and double positive cells for indicated markers
in immunohistochemical analysis. Data are pre-
sented as the mean ± SD. *p < 0.002; **p < 0.05.
The scale bar represents 100 mm in (A) and 20 mm
in (B), (C), and (E). See also Figures S2 and S3.for the proliferation marker, Ki67, revealed that Edn1 overex-
pression led to a significant increase in McSC proliferation
specifically at anagen onset and was not found in later stages
of anagen (Figures 2O–2Y). These observations demonstrate
that Edn1 can promote the proliferation and differentiation of
McSCs during hair follicle regeneration.
Previous studies have shown that ectopic differentiation of
McSCs in their niche leads to depletion of McSCs and prema-
ture hair graying (Inomata et al., 2009; Nishimura et al., 2005;
Rabbani et al., 2011; Tanimura et al., 2011). Given that Edn1
overexpression can lead to ectopic pigmentation and pro-
mote the expression of the melanocyte differentiation marker,
Tyr, we suspected that these effects may lead to depletion of
McSCs and hair graying over the long term. Surprisingly, we
found that the number of McSCs was maintained and prema-
ture hair graying was not observed at least by fourth telogen,
suggesting that Edn1 overexpression does not lead to defects
in McSC maintenance (Figure S3). Taken together, these re-
sults show that Edn1 overexpression in epithelial cells can1294 Cell Reports 15, 1291–1302, May 10, 2016promote proliferation and differentia-
tion of McSCs without leading to its
exhaustion.
Edn1 Promotes Generation of
Epidermal Melanocytes Following
Wounding
Generally, dorsal skin of adult mice lacks
epidermal melanocytes in the absence of
external stimuli such as wounding. We
previously reported that McSCs migrate
upward to give rise to epidermal melano-
cytes following UVB irradiation or injuriesin the adult skin (Chou et al., 2013). We asked whether EdnrB
signaling promotes the generation of epidermal melanocytes.
First, we created full-thickness wounds on 8-week-old EdnrB
cKO mice that have Dct-LacZ reporter gene and treated these
mice with TAM immediately after wounding. In control mice,
epidermal melanocytes became clearly detectable within the
wound epidermis by the time of the complete re-epithelialization
(day 0), and their number significantly increased by 8 days
after re-epithelialization (Figures 3A, 3B, and 3O). In contrast,
EdnrB KO mice displayed a considerably reduced number of
melanocytes in the wound epidermis. The number of epidermal
melanocytes remained lower compared to the control mice yet
persisted at later time points, without showing signs of
apoptosis such as cleaved caspase 3 expression (Figures 3C,
3D, 3O, and S4). These results show that loss of EdnrB signaling
compromised the generation of epidermal melanocytes after
wounding.
Next, we examined whether overexpression of Edn1 in the
epithelium affects generation of epidermal melanocytes after
Figure 3. Overexpression of Edn1 Promotes Upward Migration of McSCs and Generation of Epidermal Melanocytes following Wounding
(A–D) Whole-mount image of X-gal-stained wound area of Dct-LacZ (control; A and B) and Tyr-CreER; EdnrBfl/fl; Dct-lacZ (C and D) at indicated days after
re-epithelialization.
(E–J) Double immunohistochemical staining of Dct and Ki67 in the bulge (E and H), upper hair follicle (F and I), and inter-follicular epidermis (G and J) in control
(E–G) and K14-rtTA; TetO-Edn1-LacZ (Edn1; H–J) mice.
(K–N) Whole-mount analyses of wound site (K and L) and de novo hair follicles (M and N) within wound site from control (K and M) and Edn1 mice (L and N) at
8 days after re-epithelialization.
(O–R) Quantification of the number of Dct-LacZ+ cells in wound site (O), the percentage of Ki67+/Dct+ cells (P), the number of pigmented cells in wound site (Q),
and the percentage of pigmented de novo hair (R), respectively.
Dashed lines indicate periphery of wound site in (A) and (D) and boundary between epidermis and dermis in (E)–(J). Arrowheads show Dct-LacZ+ cells in wound
area in (A)–(D) and Ki67+/Dct+ cells (H)–(J). IFE, inter-follicular epidermis; UF, upper follicle. Data are presented as themean ±SD. *p < 0.01; **p < 0.02; ***p < 0.05.
The scale bar represents 1 mm in (A), 50 mm in (E), 200 mm in (K) and (L), and 100 mm in (M) and (N). See also Figures S4–S6.wounding. We treated Edn1 Tg mice with Dox immediately
following wounding. We observed that overexpression of
epithelial Edn1 did not alter the time course of wound closure
process (data not shown). By immunohistochemistry, we found
that McSCs in the follicular niche (Figures 3E, 3H, and 3P),migrating McSC en route to the epidermis (Figures 3F, 3I,
and 3P), as well as those melanocytes that have migrated to
the epidermis all displayed significantly higher proliferation in
the Edn1 Tg mice compared to control (Figures 3G, 3J, and
3P). Consequently, there was a dramatic increase of epidermalCell Reports 15, 1291–1302, May 10, 2016 1295
Figure 4. Edn1 Promotes Generation of
Epidermal Melanocytes in Human Scalp
Tissue
(A) Schematic figure of human scalp explant cul-
ture experiment.
(B–F) Immunohistochemical analysis with K14
and MITF of sections of human scalp before
ablation (B), after ablation of skin prior to culture
(C), 8 days in culture in the absence (D) and
presence of Edn1 (E), and presence of both Edn1
and BQ788 (F).
(G and H) Quantification of the number of MITF+
cells in human scalp before culture (G) and after
8 days in culture (H).
White dashed line indicates the border between
inter-follicular epidermis and dermis. Red dashed
line indicates the border between hair follicle
epidermis and dermis. Arrowheads indicate
MITF+ cells. Data are presented as the mean ±
SD. *p < 0.05; **p < 0.005. The scale bar repre-
sents 100 mm.melanocytes in the wound area in Edn1 Tg mice (Figures 3K,
3L, and 3Q). Unexpectedly, we found that all de novo hair fol-
licles of Edn1 Tg mice produce pigmented hair, whereas the
majority of de novo hair in control mice does not produce pig-
mented hair due to the deficient recruitment of melanocytes
into the wound area (Figures 3M, 3N, and 3R; Chou et al.,
2013; Ito et al., 2007).
To test whether Edn1 overexpression is sufficient to recruit
melanocytes from the hair follicle to the skin epidermis without
external stimuli such as wounding, we treated adult Edn1 Tg
mice with Dox during telogen and anagen phase and exam-
ined the presence of Dct-positive epidermal melanocytes.
Strikingly, by 12 days after induction of Edn1 overexpression
during anagen, we found pigmented melanocytes in the in-
ter-follicular epidermis (Figure S5). In contrast, upon induction1296 Cell Reports 15, 1291–1302, May 10, 2016of Dox during telogen phase, melano-
cytes remained undetectable in skin
epidermis (Figure S5).
Given the marked induction of migra-
tion observed in Edn1 Tg mice, we also
examined the effect of Edn1 on cell
migration using in vitro scratch assay.
We found that addition of Edn1 recombi-
nant protein can promote cell migration
as seen by the ability of these cells to
migrate more toward the center of the
wound compared to control. Moreover,
addition of EdnrB small interfering RNA
(siRNA) to Edn1-treated cells suppressed
this effect (Figure S6), showing that
EdnrB mediates the promoting effect of
Edn1 on cell migration.
Taken together, these results demon-
strate that overexpression of Edn1 in
epithelial cells is sufficient to promote
the generation of epidermal melanocytes
even without external stimuli, and thismay partially be through the upregulation of cell proliferation
and migration.
Edn1 Promotes the Repopulation of Epidermal
Melanocyte in Human Skin
ToassesswhetherEdn/EdnrBsignalingcanalsopromote follicular
melanocytes to generate epidermal melanocytes in human skin,
we took advantage of an explant culture system of human skin
(Chou et al., 2013; Figure 4A). Unlike adult mice, the human
epidermis contains epidermal melanocytes, which express MITF,
within its keratin14+basal layer (Figures4Aand4B).Wepreviously
showed that follicularmelanocytescanprovideepidermalmelano-
cytes in both humans and mice (Chou et al., 2013).
To examine the effect of Edn1 on the generation of epidermal
melanocytes from hair follicle McSCs/melanocytes, we removed
Figure 5. Edn1SynergizeswithWntPathway
to Enhance Proliferation and Migration of
McSCs
(A–H) Immunostaining of skin sections from control
(A and C–E) and K14-rtTA; TetO-Edn1-LacZ (Edn1;
B andF–H)mice forDct, b-catenin, andKi67 in early
anagen hair follicle. Higher magnification of single
immunofluorescent stainingof boxedarea in (A) and
(B) are shown in (C)–(E) and (F)–(H), respectively.
(I) Quantification of the percentage of Ki67+
melanocytes.
(J–Q) Immunostaining of skin sections from
wounded area of control (J and L–N) and Edn1
mice (K and O–Q) for Dct, b-catenin, and Ki67.
Higher magnification of single immunofluorescent
staining of boxed is shown in (L)–(Q).
(R) Quantification of the percentage of Ki67+
melanocytes.
(S) Experimental design of in vitro cell proliferation
assay using melan-A mouse melanocyte line with
knockdown of b-catenin prior to addition of exog-
enous Edn1 ligand.
(T) Quantification of number of melan-A cells at
3 days in culture.
Data are presented as average number of cells ±
SD. Dashed lines indicate border between
epidermis and dermis. Data are presented as the
mean ± SD. *p < 0.002; **p < 0.05. The scale bar
represents 20 mm.the inter-follicular epidermis (IFE), including their resident
epidermal melanocytes, above the hair follicle by mechanical
dermabrasion and examined the number of epidermal melano-
cytes in IFE after re-epithelialization. Removal of the IFE and
epidermal melanocytes was verified by the lack of MITF+ mela-
nocytes as well as K14+ epidermal cells in the surface of the
explant, whereas the hair follicle remained intact as seen by
the K14+ cells in follicular epidermis (Figures 4B, 4C, and 4G).
We then cultured the remaining denuded skin with or without re-
combinant Edn1 protein and analyzed the number of epidermal
melanocytes that repopulated the regenerated epidermis. Eight
days after culture, we found that addition of Edn1 led to a signif-
icantly higher number of epidermal melanocytes in the re-epithe-
lialized area, compared to skin cultured in the absence of Edn1
protein (Figures 4D, 4E, and 4H), whereas administration of
BQ788, a potent and specific antagonist for EdnrB, resulted in
a marked abrogation of this repopulation, as seen by a reduction
of the number of epidermal melanocytes compared to untreated
skin (Figures 4E, 4F, and 4H). These results suggest that activa-Cell Rtion of Edn/EdnrB signaling has the ability
to promote repopulation of epidermal
melanocytes in human skin tissue.
The Function of Edn1 to Enhance
McSCProliferation, Differentiation,
and Migration Depends upon the
Wnt Pathway
Given that overexpression of Edn1 in
epithelial cells can promote McSC pro-
liferation, differentiation, and migrationuniquely during anagen and not during telogen (Figures 2, S2,
and S5), we suspected that Edn1 likely synergizes with signals
present specifically during anagen that are absent during telogen.
One possible candidate is the Wnt signal, which is activated in
McSCs at anagen onset (Rabbani et al., 2011). Wnt signal activa-
tion in McSCs is proposed to occur by Wnt ligands secreted by
neighboring EpSCs in the shared niche (Myung et al., 2013; Rab-
bani et al., 2011).Uponbinding ofWnt ligand to its receptor,b-cat-
enin translocates to the nucleus to form a transcriptional complex
with TCF/LEF transcription factors to induce expression of down-
stream genes in McSCs including tyrosinase andMITF, which are
vital for production of pigment (Barker, 2008; Takeda et al., 2000).
We first asked whether Edn1 specifically enhances the pro-
liferation of Wnt active McSCs during anagen. Triple immuno-
fluorescence staining on skin sections from Edn1 Tg mice, with
b-catenin, Dct, and Ki67 revealed that McSCs with nuclear
b-catenin signal, an indicator for Wnt activation, showed higher
proliferation activity compared to control at anagen onset
(Figures 5A–5I). In contrast, no difference in proliferation waseports 15, 1291–1302, May 10, 2016 1297
Figure 6. Loss of b-cat Function Suppresses Edn1-Mediated Effects
on McSC Proliferation, Differentiation, and Upward Migration
(A) Experimental scheme for treatment of Tyr-CreER; b-cateninfl/fl; K14-rtTA;
TetO-Edn1-LacZ (b-cat cKO;Edn1) mice and control K14-rtTA; TetO-Edn1-
LacZ (Edn1) mice.
(B–E) Gross appearance of Edn1 (B and D) and b-cat cKO; Edn1mice (C and E)
at second (B and C) and third telogen (D and E).
(F–K) Immunohistochemistry for indicated markers (F, G, I, and J) and bright-
field image (H and K) of bulge/sHG region in skin sections from Edn1 mice
(F–H) and b-cat cKO; Edn1 mice (I–K) at anagen II.
(L–Q) Bright-field image (L–N) and Dct immunostaining of whole-mount wound
site (O–Q) from Tyr-CreER; b-cateninfl/fl (b-cat cKO; L and O), Edn1 (M and P),
and b-cat cKO;Edn1 mice (N and Q).
(R and S) Quantification of the percentage of Dct+ cells positive for Ki67, Tyr,
and pigmentation (R) and the number of Dct+ cells in wounded site (S).
Dashed lines indicate border between hair follicle and dermis. Arrow-
heads indicate double positive cells for indicated markers (F and G) and
pigmented cells (H). Data are presented as the mean ± SD. *p < 0.05; **p <
0.02; ***p < 0.001. The scale bar represents 1 cm in (B)–(E), 10 mm in (F),
and 200 mm in (L).
1298 Cell Reports 15, 1291–1302, May 10, 2016observed in McSCs that lack nuclear b-catenin between Tg
and control mice (Figure 5I). Similarly, we also found that,
following injury in Tg mice, actively proliferating melanocytes
expressed nuclear b-catenin, whereas cells that lacked Wnt
activation displayed no proliferation (Figures 5J–5R). Further-
more, in vitro cell proliferation assay using melan-A murine me-
lanocyte cell line, known to have active Wnt signaling (Bennett
et al., 1987; Gallagher et al., 2013), confirmed that the addition
of exogenous Edn1 can increase proliferation of melan-A cells
compared to non-treated cells. Strikingly, this promoting effect
was neutralized by knockdown of b-catenin with siRNA (Fig-
ures 5S and 5T). These results suggest that Edn1 promotes
the proliferation of McSCs only in the presence of active Wnt
signaling.
To examine whether Wnt activation is required for Edn1-medi-
atedMcSC proliferation in vivo, we depleted b-catenin in McSCs
during anagen in the melanocyte lineage of Edn1 Tg mice (Tyr-
CreER;b-cateninfl/fl;K14-rtTA;TetO-Edn1-LacZ; Figure 6A; Bo-
senberg et al., 2006; Brault et al., 2001; Rabbani et al., 2011).
Despite the vital function of Edn1 in promoting proliferation
and differentiation of McSCs, these mice with deficient Wnt acti-
vation produced gray hair by second telogen phase (Figures 6B–
6E), similar to b-catenin cKO mice (Rabbani et al., 2011). Upon
examination of tissue sections from these mice, we found that
McSCs failed to proliferate and differentiate as seen by the
absence of pigment and Ki67 and Tyr expression in McSCs at
anagen onset (Figures 6I–6K and 6R). This is in contrast to the
control littermates with Edn1 overexpression that increased
McSC proliferation and ectopic pigmentation (Figures 6F–6H
and 6R). Furthermore, we found that Wnt activation was
required for the promoting effect of Edn1 on melanocyte migra-
tion during wound healing. Loss of Wnt activation in wounded
Edn1 Tg mice led to a significant reduction in the number of
epidermal melanocytes compared to Edn1 Tg mice with intact
Wnt signaling (Figures 6L–6Q and 6S). These results suggest
that Edn1 can only exert its effect on melanocytes with active
Wnt signaling, and loss of this pathway suppresses the ef-
fects of Edn1 signaling during wound healing as well as normal
homeostasis.
Figure 7. Edn1 Overexpression Can Over-
come the Deficiency of Mc1R in the Gener-
ation of Epidermal Melanocytes
(A) Experimental scheme.
(B–E) Bright-field image (B and D) and Dct immu-
nostaining of whole-mount wound site (C and E)
from Tyr-CreER; Mc1Rfl/fl (Mc1R cKO; B and C)
and Tyr-CreER; Mc1Rfl/fl; K14-rtTA; TetO-Edn1-
LacZ mice (Mc1R cKO; Edn1 Tg; D and E).
(F) Quantification of Dct+ epidermal melano-
cytes in wound site. Asterisks indicate auto-
fluorescence.
Data are presented as the mean ± SD. *p <
0.05. The scale bar represents 100 mm. See also
Figure S7.Edn1 Overexpression Can Compensate for the Loss of
Epidermal Melanocytes in Mc1R KO Mice
We previously found that mutant mice for melanocortin 1 recep-
tor (Mc1R) signaling (Mc1Re/e mice) were deficient in the gener-
ation of epidermal melanocytes after wounding (Chou et al.,
2013; Robbins et al., 1993). Mc1R is a seven-transmembrane,
G-protein-coupled receptor whose activation leads to phos-
phorylation of CREB, which in turn transcriptionally activates
various genes, includingMITF, similar to Edn signaling (Mountjoy
et al., 1992; Pierrat et al., 2012). Therefore, we asked whether
Edn1 Tg mice could rescue the regenerative defects seen in
Mc1R-deficient mice.
To address this, we first asked whether Mc1R in melanocyte
lineage is required for the generation of epidermal melanocytes.
To this end, we created Mc1R floxed/floxed mice in which exon 1
including ATG translational start codon were flanked by loxP
sites and crossed them to Tyr-CreER mice (Bosenberg et al.,
2006; Figure S7). Resultant mice (Tyr-CreER;Mc1Rfl/fl) specif-
ically deplete Mc1R in melanocytes upon TAM induction. These
mice were born with pigmented hair color similar to control mice
(data not shown). Following TAM treatment, the ablation of
Mc1R in the melanocyte lineage led to a yellow color, similar to
the effects of losing Mc1R function in all cell types (Mc1Re/e
and CMV-Cre:Mc1Rfl/fl mice; Figure S7; Chou et al., 2013;
Schwenk et al., 1995). As an additional control, we examined
K15-crePR1:Mc1Rfl/fl mice in which loss of Mc1R is induced in
epithelial niche cells for McSCs (Morris et al., 2004) and found
that these mice remained similar to control mice (Figure S7).Cell RThese observations show that the Mc1R
pathway within melanocytes controls
the color of the hair follicle.
To assess the role ofMc1R in the estab-
lishment of epidermal melanocytes, we
incorporated the Dct-lacZ reporter into
our mutant mice to visualize epidermal
melanocytes following wounding. We
found that the universal depletion ormela-
nocyte-specific lossofMc1R inhibited the
generation of epidermal melanocytes in
the wound area as revealed by the signif-
icant reduction of epidermal melanocytes
compared to control mice (Figure S7). Incontrast, we found that loss of Mc1R in the K15+ epithelial niche
had no effect on this process and appeared similar to control
mice (Figure S7). These results suggest that Mc1R signaling in
the McSC lineage is required for the generation of epidermal
melanocytes.
To determine whether elevated levels of Edn1 can compen-
sate for the loss of Mc1R function in melanocytes, we generated
a combined mouse model (Tyr-CreER;Mc1Rfl/fl;K14-rtTA;tetO-
Edn1-LacZ) in which we overexpressed Edn1 in the epithelium
and simultaneously induced the loss of Mc1R in the melanocyte
lineage (Figure 7A). Strikingly, we found that Edn1 overexpres-
sion can rescue the Mc1R cKO phenotype, leading to the
appearance of epidermal melanocytes in the wound site (Figures
7B–7F). These epidermal melanocytes contained dark pigment
similar to those found in Edn1 Tg mice (Figures 3L and 7D).
These results suggest that activation of Edn signaling can over-
come the effects of losingMc1R function on upwardmigration of
McSCs following wounding.
DISCUSSION
Organ homeostasis and regeneration relies on tissue stem cells,
and deregulation of this critical population can lead to disease
onset and premature aging of the tissue. Hence, intense investi-
gation is underway to elucidate the molecular mechanisms that
govern the behavior of stem cells. Thus far, insight has been
gathered by identifying key regulators of stem cells, including
Wnt signaling; however, it has become increasingly apparenteports 15, 1291–1302, May 10, 2016 1299
that stem cells are regulated by complex interactions between
multiple signaling pathways, and how they integrate these sig-
nals are unknown in the McSC system. Our study shows that
Edn1 can overcome the defects seen in Mc1R-deficient mice.
This may be reasonable given that the Mc1R pathway primarily
influences melanocytes via upregulation of MITF, whose tran-
scription is also upregulated in parallel by the EdnrB pathway
(Levy et al., 2006; Mountjoy et al., 1992; Nakajima et al., 2011;
Pierrat et al., 2012; Sato-Jin et al., 2008). On the other hand,
Edn1 overexpression did not rescue the phenotype caused by
the deficiency of Wnt/b-catenin signaling, known to regulate
the transcription of several other genes in addition to MITF that
are essential for pigmentation, including Dct and Tyr (Hsiao
and Fisher, 2014; Slominski et al., 2005). In addition, numerous
other regulators of proliferation including cyclin D1 act down-
stream of the Wnt pathway (Shtutman et al., 1999). Although
precise mechanisms by which EdnrB signaling requires Wnt
signaling in the hair follicle niche remain to be understood, our
results highlight that Wnt signaling is fundamental to the regen-
eration of melanocytes, which will need to be taken into consid-
eration in developing strategies to manipulate McSCs for the
treatments of pigmentation disorders (Figure S8).
Edn/Ednrb Signaling Promotes McSC Activation and
Maintenance in Adult Hair Cycle
Our study revealed that EdnrB KOmice showed a compromised
proliferation, differentiation, and maintenance of the McSC line-
age in the regenerating hair follicle (Figure 1). The defect was
clearlymanifested by grossly recognizable unpigmented hair for-
mation in all mice we analyzed. However, it is noteworthy that
these mice never displayed unpigmented hair in all hair follicles
in the back skin, which may be largely due to the incomplete
cre-mediated recombination in melanocytes as shown in other
studies with Tyr-creER mice (Bosenberg et al., 2006).
Forced activation of Edn signal by expressing Edn1 in K14+
epithelial cells promotes the proliferation and differentiation of
McSCs during anagen, which results in ectopic pigmentation in
the typically unpigmented bulge/sHG (Figure 2). This result is
consistent with previous reports using another mouse model to
ablate NFIB in EpSCs, which results in the upregulation of Edn2
and ectopic pigmentation in the bulge/sHG (Chang et al., 2013).
Nevertheless, in all these cases, despite the precocious activa-
tion ofMcSCs that results in a pigmented bulge/sHG, a hair-gray-
ing phenotype was not seen (Figure S3). These observations are
counterintuitive, given previous studies that suggest that aber-
rant activation and differentiation ofMcSCs lead to their progres-
sive loss and ultimate exhaustion (Inomata et al., 2009;Nishimura
et al., 2005; Rabbani et al., 2011; Tanimura et al., 2011)
These observations suggest that protective mechanisms are
in place to prevent McSC exhaustion. The limited availability of
active Wnt signal, known to be critical for McSC differentiation
during the hair cycle, may be one such mechanism. Indeed,
we observed a relatively modest and temporarily limited impact
of Edn1 overexpression on McSCs during hair regeneration
without injury. This may be related to the fact that Wnt signal
activation in McSCs only occurs at the anagen onset and ceases
quickly thereafter (Rabbani et al., 2011), unlike in the wound
environment (Yamada et al., 2013). Wnt is tightly regulated1300 Cell Reports 15, 1291–1302, May 10, 2016temporally; activated at anagen onset, when McSCs are initially
activated; and then downregulated upon entry into mid-anagen
and suppressed at telogen (Rabbani et al., 2011). Given that
the effects of Edn1 overexpression was masked during telogen,
in the absence of Wnt activation, and inhibition or the normal
downregulation of Wnt activation in McSCs disabled the effect
of Edn1 over-expression, both in vitro and in vivo, suggest that
Edn signaling requires Wnt activation (Figures 5 and 6). These
findings raise the possibility that McSCs in Edn1 Tg bulge/sHG
partially, but do not fully, differentiate, because Wnt activation
is not sustained throughout the hair cycle; thus, there is no pro-
gressive loss of McSCs and hair graying.
Taken together, our study demonstrates that EdnrB signaling
functions in the presence of Wnt signaling on the activation
and maintenance of McSCs during adult hair cycle.
Edn1 Signaling Promotes Generation of Epidermal
Melanocytes and Can Overcome the Defect of Mc1R
The ability of melanocytes to producemelanin is essential to pro-
vide the skin with a protective barrier against UV irradiation.
Following injury, the resulting scar that forms usually displays
pigmentation defects, of either hypo- or hyperpigmentation in
scar area (Engrav et al., 2007), thus increasing the detrimental
risks associated with exposure to the sun in addition to the
cosmetic or psychological challenges to the patient. Under-
standing the molecular mechanisms that govern this process is
the key to developing therapies to treat these patients. In this
effort, it is critical to understand how certain signaling pathways
can modulate the impact of other signaling cascades. By gener-
ating tissue-specific knockout mice, our study demonstrates
that Mc1R function is required specifically within melanocytes
for their regenerative function following wounding and Edn1/
EdnrB signaling can compensate this defect (Figure 7).
Mc1R is a major determinant of pigmentation of skin and hair
color in humans, and polymorphisms within Mc1R are prevalent
among European populations with over 100 different reported
variants (Garcı´a-Borro´n et al., 2005; Gerstenblith et al., 2007;
Pe´rez Oliva et al., 2009). A subset of the Mc1R variants causes
dysfunction of Mc1R signaling, resulting in reduced synthesis
of eumelanin (brown pigment), and thus increases the proportion
of pheomelanin (red/yellow pigment). In addition, Mc1R pro-
motes migration of melanocytes from the hair follicle to the
epidermis during wound healing, providing a protective pig-
mented barrier for the skin (Chou et al., 2013). Inactivating
mutations of Mc1R are associated with increased risk of both
melanoma and non-melanoma skin cancer (Flanagan et al.,
2000; Mitra et al., 2012). We showed that Edn1 has the potential
to increase the melanocyte number and their brown pigment
production even with dysfunctional Mc1R signaling. Our study
suggests that Edn/EdnrB signaling can be a therapeutic target
to reduce the risk of such diseases via its ability to enhance me-
lanocyte regeneration. Furthermore, Edn1 is naturally upregu-
lated by UVB exposure in human skin (Imokawa et al., 1995).
This suggests that Edn1 upregulation may underlie the increase
of freckles by sun light exposure (Baro´n et al., 2014), which is
frequently observed in humans with Mc1R variants (Bastiaens
et al., 2001), further suggesting a possible connection between
the two signaling pathways in humans (Barsh, 1996).
Collectively, our study reveals the critical function of EdnrB/
Edn1 in McSCs to promote the generation of epidermal melano-
cytes and pigmentation for both normal skin and the skin with
Mc1R-deficient melanocytes. Taken together with the clinical
observation that follicular McSCs can be recruited to the
epidermis to repigment the skin of patients with pigmentation
disorders (Nishimura, 2011), our studies reveal the potential of
targeting Edn signaling for therapeutic treatments.
EXPERIMENTAL PROCEDURES
For more details regarding the materials and methods used in this work, see
the Supplemental Experimental Procedures.
Mice
All animal protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) at NYU School of Medicine. Cre recombination in condi-
tional knockout mice was induced either by TAM injection or RU488 treatment
as described in previous publication (Ito et al., 2007). For BrdU administration,
mice were injected daily intraperitoneally with 50 mg of BrdU per g body
weight.
Immunohistochemistry
Immunohistochemistry on paraffin section was performed as published (Rab-
bani et al., 2011). The antibodies used for this study are listed in Supplemental
Experimental Procedures.
Whole-Mount X-gal Staining
Whole-mount X-gal staining was performed as published (Chou et al., 2013; Ito
et al., 2007).
Wound Experiment
Wound experiments were performed as described with minor modification
(Chou et al., 2013). Briefly, 7- to 8-week-old mice were anesthetized with iso-
flurane and a 1.5 cm2 area of skin was excised.
Human Scalp Organ Culture
Human scalp culture was performed as published (Chou et al., 2013).
Melan-A Cell Culture and Scratch Assay
Melan-a cells (Bennett et al., 1987) were cultured in mouse melanocyte me-
dium composed of DMEM:RPMI = 1:4 with 10% fetal bovine serum (FBS),
1% sodium pyruvate, 1% non-essential amino acids, and 0.5% 12-tetradeca-
noylphorbol 13-acetate (TPA). For cell migration assay, cells were treated with
50 nM siRNA against EdnrB (Invitrogen; MSS203783) or control siRNA using
Lipofectamine RNAiMAX (Invitrogen) and mitomycin C at 24 hr and 48 hr after
plating. Scratch woundwas created using P-200 pipet tip and then cultureme-
dium was replaced with DMEM:RPMI = 1:4 containing 0.5% FBS, 1% sodium
pyruvate, 1% non-essential amino acids, and 0.5% TPA with or without 10 nM
Edn1. Wound area was analyzed at 6 hr after wounding.
Statistical Analysis
Student’s t test was used to calculate p values on Microsoft Excel, with two-
tailed tests and unequal variance.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and eight figures and can be found with this article online at http://dx.doi.
org/10.1016/j.celrep.2016.04.006.
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